We report extraordinarily large magnetic hysteresis loops in the iridates Sr 3 NiIrO 5 and Sr 3 CoIrO 6 . We find coercive magnetic fields of up to 55 T with switched magnetic moments ≈1 μ B per formula unit in Sr 3 NiIrO 6 and coercive fields of up to 52 T with switched moments ≈3 μ B per formula unit in Sr 3 CoIrO 6 . We propose that the magnetic hysteresis involves the field-induced evolution of quasi-one-dimensional chains in a frustrated triangular configuration. The striking magnetic behavior is likely to be linked to the unusual spin-orbit-entangled local state of the Ir 4+ ion and its potential for anisotropic exchange interactions.
I. INTRODUCTION
Oxides containing 5d ions, particularly Ir 4+ , offer possibilities for interesting spin-orbit and spin-lattice coupling effects. In these materials, the energy scales for spin-orbit interactions, Coulomb repulsion, and crystalline-electric fields can be very similar [1] . This unusual situation, in comparison to analogous 3d oxides, results from a decrease in the strength of correlation effects and an increase in spin-orbit interactions as one descends the periodic table [2] . Usually, the Coulomb repulsion and spin-orbit interactions are responsible for Hund's rules that determine the ground states of magnetic ions. However, in certain 5d (and some 4d) oxides, the competition between the three similar energy scales can result in exotic magnetic states such as spin-orbit entanglement, extreme magnetic exchange anisotropy leading to, e.g., Kitaev spin liquids, and spin-orbit entangled Mott insulating behavior [1, [3] [4] [5] [6] [7] [8] [9] . In this paper, we report extremely large coercive magnetic fields of up to 55 T in Sr 3 NiIrO 6 and 52 T in Sr 3 CoIrO 6 , with switched magnetic moments ≈1 μ B and 3 μ B per formula unit, respectively. This large hysteresis evolves out of a frustrated, antiferromagnetic ground state that incorporates an entangled spin-orbit state on the 5d ion [10] . Sr 3 NiIrO 6 and Sr 3 CoIrO 6 are members of the A 3 BB O 6 family, where A is an alkaline earth and B and B are transition metal ions [11] . Soon after their synthesis [12] , it was realized [13, 14] that the interplay of electron correlations, magnetic frustration, reduced dimensionality, and magnetocrystalline anisotropy could lead to interesting physics; subsequently the structural and magnetic properties have been the subject of several studies (e.g., Refs. [13] [14] [15] [16] [17] [18] ). The salient structural details [11, 13, 15, 18] are shown in Figs. 1(a) and 1(b) for Sr 3 NiIrO 6 . The Ni 2+ and Ir 4+ magnetic ions occupy oxygen cages that alternate in chains parallel to the c axis [ Fig. 1(a) ]. These chains are in turn arranged in a hexagonal pattern in the ab plane [ Fig. 1(b) ] [13] . Ni 2+ is surrounded by a trigonal bipyramid of oxygen atoms, while the Ir 4+ ion sits in a distorted octahedral oxygen cage [11, 13, 18] . Magnetic frustration is intrinsic to such a structure, and can result from antiferromagnetic interactions within the triangular lattice in the ab plane, and from frustration between nearest-neighbor and next-nearest-neighbor interactions along the c-axis chains [11, 14, [19] [20] [21] . Experimentally, this is manifested in the complex behavior of the magnetic susceptibilities of Sr 3 CoIrO 6 [15, 16] and Sr 3 NiIrO 6 [13, [15] [16] [17] and their structurally similar relatives Ca 3 CoRhO 6 [22] and Sr 3 NiRhO 6 [23] ; below a temperature conventionally [15] labeled T 1 , the susceptibility rises strongly; at a temperature T 2 , a factor ≈3-5 lower than T 1 , the spin dynamics are frozen in, and slow relaxation of magnetic properties [17] is observed. (As will be shown in Sec. III B below, the samples used in the current study behave in a very similar way.) However, no heat capacity signature of the magnetic ordering has been observed in either Sr 3 NiIrO 6 or Sr 3 CoIrO 6 , suggesting a gradual onset of partially disordered magnetism [16, 17] . Moreover, no structural change was seen at either T 1 or T 2 [13, 15] .
In conjunction with the magnetization results, neutronscattering data for the low-temperature phases of Sr 3 NiIrO 6 and Sr 3 CoIrO 6 have been interpreted either in terms of amplitude-modulated antiferromagnetism or as a partiallydisordered antiferromagnetic (PDA) state [15, 16] . Such PDA states, proposed by Mekata [24] , were first reported for the A 3 BB O 6 family in Ref. [25] . The PDA arrangement proposed for Sr 3 NiIrO 6 and Sr 3 CoIrO 6 involves the magnetic moments of two ferrimagnetic c-axis chains being antiparallel to each other, while the moments on the third chain are disordered [15, 16, 26] ; sometimes the latter chain is referred to as "paramagnetic".
Three groups performed ab-initio electronic structure calculations on Sr 3 NiIrO 6 , confirming that it is a Mott-insulating state with relatively large moments on the magnetic ions [19] [20] [21] , but disagreeing about the nature of the 5d electronic levels, the sign of the nearest-neighbor Ni-Ir interactions, and [11, 13, 15, 18] . The Ni 2+ and Ir 4+ ions occupy oxygen trigonal bipyramids (blue) and distorted oxygen octahedra (orange), respectively. For clarity, Sr ions are not shown in (a). (Sr 3 CoIrO 6 is isostructural to Sr 3 NiIrO 6 .) (c) Schematic level diagrams for Ir 4+ (after Ref. [10] ), Ni 2+ , and Co 2+ (based on Refs. [10, [19] [20] [21] ). Ir 4+ t 2g and e g levels split by the octahedral environment are shown in dark green; dark blue levels show schematically the effects of the trigonal distortion (TD splitting the states by ) and spin-orbit coupling (SO splitting the states by λ). These similarly sized effects result in spin-orbit entangled Ir 4+ levels (red, not to scale), derived predominantly from t 5 2g configurations, with a relatively small t 2g − e g mixing; electron spins are shown as black arrows: the effective spins are S = 1 for Ni 2+ and S = 3 2 for Co 2+ .
the magnetocrystalline anisotropy [10] . Besides the frustration inherent to the structure, the behavior of Sr 3 NiIrO 6 and Sr 3 CoIrO 6 is further complicated by spin-orbit entanglement [10] of the kind first observed in Sr 2 IrO 4 [1, 27] . In the latter compound, the magnetic wave function is referred to as a J eff = 1 2 state, where J eff is an effective total angular momentum. However, as already noted, compared to Sr 2 IrO 4 , which has an octahedral oxygen cage around the Ir 4+ ion [1, 27] , the oxygen cages in Sr 3 NiIrO 6 and Sr 3 CoIrO 6 are trigonally distorted [11, 13, 18] . Recently, resonant inelastic x-ray scattering (RIXS) measurements were combined with electronicstructure calculations incorporating noncubic crystal-field effects and spin-orbit coupling [10] ; these calculations [see schematic in Fig. 1 (c), left-hand side] show that for Sr 3 NiIrO 6 , the trigonal distortion and the spin-orbit coupling possess similar energy scales. Consequently, the final wave function departs from the "pure" J eff = 1 2 state due to the noncubic environment [10] . The resulting spin-orbit entangled ground state produces a strong Ising anisotropy of the Ir-Ni exchange interactions, shown in the analysis of spin-wave excitations observed in RIXS and neutron scattering [10] . This uniaxial anisotropy competes with a strong Ni 2+ single-ion easy-plane anisotropy [10] . Neutron-scattering experiments by the same group found an apparent Ir 4+ moment of 0.5 μ B [15] , a value used to constrain the electronic-structure calculations [10] . The Ni 2+ spin in Sr 3 NiIrO 6 is found to be close to S = 1, with a small orbital contribution [10] ; overall, the moment contributed by each Ni 2+ is around 1.5 μ B [15] [ Fig. 1 
Sr 3 CoIrO 6 has been subjected to slightly less scrutiny; it is thought that the Co 2+ is in the S = 3 2 configuration with a significant orbital contribution [ Fig. 1 (c)] [21] . The total Co 2+ moment has been calculated to be 4.3 μ B with a strong Ising anisotropy along the c axis [21] , whilst a neutron diffraction study [16] estimates the ordered Co 2+ moment to be 3.6 μ B per ion.
Having summarized the background to our study, the rest of the paper is organized as follows. Sample growth and other experimental details are described in Sec. II; given that the hysteretic behavior in our iridates evolves within a state that exhibits slow relaxation of magnetism, we pay particular attention to the timescales of the measurement techniques employed. The large coercive fields and hysteresis loops are described in Sec. III A; Sec. III B shows related lowfield magnetic properties, including the previously reported emergence of sluggish kinetics at temperatures well below antiferromagnetic ordering, while Sec. III C investigates the sample-history dependence of the hysteresis loops. A detailed discussion of the evolution of the low-temperature magnetic ground states of Sr 3 NiIrO 6 and Sr 3 CrIrO 6 with magnetic field follows in Sec. IV, while conclusions are given in Sec. V.
II. EXPERIMENTAL METHODS

A. Sample growth
Polycrystalline Sr 3 NiIrO 6 and Sr 3 CoIrO 6 were prepared through solid-state reaction at 1300 • C. The polycrystalline samples used for magnetization measurements took the form of solid blocks; powders were not used, to avoid the problem of individual grains rotating in high fields. Single crystals of Sr 3 NiIrO 6 were grown using K 2 CO 3 as flux. The single crystals are hexagonal plates with typical dimensions 2 × 2 × 0.5 mm 3 . Powder x-ray data are shown in the Supplemental Material [28] .
B. Magnetization measurements
Magnetization versus field and temperature in quasistatic fields were measured with a DC SQUID in a 7 T superconducting magnet (MPMS, Quantum Design) and a vibrating-sample magnetometer (VSM) in a superconducting magnet (PPMS-14, Quantum Design). AC susceptibility data were measured with an AC SQUID in a 7 T superconducting magnet, and an AC susceptometer in a 14 T superconducting magnet, both by Quantum Design. The pulsed-field magnetization experiments used a 1.5 mm bore, 1.5 mm long, 1500-turn compensated-coil susceptometer, constructed from 50-gauge, high-purity copper wire [29] . When a sample is within the coil, the signal is V ∝ (dM/dt), where t is the time. Numerical integration is used to evaluate M. The susceptometer was placed within 3 He cryostats providing temperatures down to 0.4 K. Samples were mounted within a 1.3 mm diameter ampoule that can be moved in and out of the coil. Accurate values of M are obtained by subtracting empty-coil data from those measured under identical conditions with the sample present. The pulsed-field data are calibrated by scaling to data measured in a PPMS VSM at temperatures above the onset of hysteresis and sweep-rate dependence, which is 25 K for Sr 3 NiIrO 6 and ≈60 K for Sr 3 CoIrO 6 (see Sec. III B below).
Pulsed fields were provided by a 65 T short-pulse magnet energized by a 4 MJ capacitor bank, or the generator-driven 60 T Long-Pulse Magnet at NHMFL Los Alamos [30] ; the field versus time profiles for these two magnets are shown in Fig. 2 . Measurements to 92 T were also performed in the capacitorand-generator-driven 100 T Multi-shot Magnet [30] . In all pulsed-field measurements, μ 0 H was measured by integrating the voltage induced in a ten-turn coil calibrated by observing the de Haas-van Alphen oscillations of the belly orbits of the copper coils of the susceptometer [29] .
C. Hysteresis loop measurement
In measuring hysteresis loops in pulsed fields, the initial field sweep (up and down) is performed after zero-field cooling from room temperature. Subsequent pulses are delivered approximately 45 minutes later (the cooling time of the magnet in question) while maintaining constant sample temperature. Given that M is obtained in the pulsed-field susceptometer by integrating dM/dt, the starting value M(H = 0) is inferred from the hysteretic behavior, which was observed to be similar to that of ferromagnetic hysteresis loops [31] . A jump in M is seen when magnetic field is swept up after zero-field cooling, no jump is seen as the field is swept down, and a negative jump twice as large is observed if the field is subsequently swept in the reverse direction. However, no jump is observed if the magnetic field is swept a second time in the same direction. If M(H ) for a given temperature and sample behaves the same regardless of field and temperature history we infer a lack of hysteresis and a loss of remanent magnetization.
III. RESULTS
A. Large coercive fields
Magnetic hysteresis loops in applied magnetic fields are plotted in Fig. 3 for single-crystal samples S2, S3, S4 of Sr 3 NiIrO 6 , polycrystalline sample P2 of Sr 3 NiIrO 6 , and polycrystalline sample P4 of Sr 3 CoIrO 6 . The data shown in Fig. 3 are measured in the 65 T short-pulse magnet (Fig. 2) . Each loop is recorded using a succession of positive and negative field sweeps with an approximate 45 minute wait time in between. Samples are subjected to zero-field cooling (ZFC) from above the hysteresis onset temperature (see below) before each hysteresis loop. All of the samples show a sharp jump in the magnetization between 34 and 55 T at low temperatures. We refer to the field position of the jump as the coercive field H c (even if it is superimposed on a sloping background), since it bounds a hysteresis loop that extends from positive to negative applied fields with a remanent magnetization at H = 0. H c is largest immediately after ZFC, and lower for subsequent field sweeps; the highest coercive field after ZFC [ Fig. 3(d) ] is 55 T. The maximum magnetization jump at H c is ≈1 μ B for Sr 3 NiIrO 6 , and 3 μ B for Sr 3 CoIrO 6 , consistent with the larger Co 2+ moment. We have also measured the magnetization of Sr 3 NiIrO 6 sample S3 up to 92 T in the 100 T Multi-shot Magnet at NHMFL Los Alamos [30] , and we find no additional sharp features in M(H ) beyond the coercive field.
While all samples show high-field jumps, the behavior of M(H ) away from the coercive field falls into two categories, even among samples from the same growth batch. In (optical) surface quality. This suggests that the responsible defects and/or microstructures are of small-even nanometerscale; one possibility is that small variations in oxygen stoichiometry within the same crystal batch affect the behavior [14] . This is very suggestive of magnetic frustration, where the magnetic properties can be dramatically sensitive to to small changes in stoichiometry; similar stoichiometry dependences of magnetic properties have been observed in isostructural family members, particularly Ca 3 CoMnO 6 [32] .
All but one of our Sr 3 NiIrO 6 samples show remanent magnetization at H = 0 for at least 30 hours (the time limit of the experiment). Sample S2 (a tiny single crystal with optically perfect faces) is the exception; it exhibits remanent magnetization that relaxes on millisecond timescales [ Fig. 3(a) ]. For Sr 3 CoIrO 6 P4, part of the magnetization relaxes by the end of the pulse and between 10 and 50% of the remanent magnetization, depending on temperature, is retained on hour timescales.
The anisotropy of the magnetic hysteresis with respect to applied magnetic field direction for Sr 3 Fig. 3(f) , which shows the coercive fields for Sr 3 NiIrO 6 samples S2 and S3 and Sr 3 CoIrO 6 sample P4; H c decreases linearly with increasing T for all samples, extrapolating to zero at 25 ± 1 K for Sr 3 NiIrO 6 and 57 ± 4 K for Sr 3 CoIrO 6 . We will return to the significance of these temperatures in Sec. III B. At this point, we note that a coercive field μ 0 H c ≈ 22 T was measured by another group in polycrystalline samples of Sr 3 NiIrO 6 at T = 15 K [17] . This is similar to the values observed in our single-crystal samples at 15 K [see Fig. 3(f) ].
Turning to the temperature dependence of M(H ) in Sr 3 NiIrO 6 for H ⊥ c [ Fig. 3(b) ], no hysteresis is observed (as mentioned above), and M for T < 25 K is suppressed compared to the value at 25 K, consistent with overall antiferromagnetic exchange interactions [10, 13, 15, 17] .
B. Temperature-dependent magnetization
Magnetic susceptibility versus temperature, measured in superconducting magnets, is shown for different samples of Fig. 3(f) ]. There is also a broad feature near 75 K in Sr 3 NiIrO 6 and 110 K in Sr 3 CoIrO 6 . Comparable behavior was observed in earlier susceptibility studies of these materials [13, [15] [16] [17] ; the characteristic temperatures at which the various features occur are very similar in the present paper and in all the previous work, suggesting that they are intrinsic to Sr 3 NiIrO 6 and Sr 3 CoIrO 6 and not due to variations in sample quality or preparation method. As noted in the Introduction, the broad feature and subsequent rise in susceptibility correspond to the onset of disordered magnetism previously observed in neutron diffraction [15, 16] .
Figures 4(c) and 4(d) show the DC magnetic susceptibility and the AC magnetic susceptibility at 10 Hz and 10 kHz for Sr 3 NiIrO 6 and Sr 3 CoIrO 6 . The sharp jump in M already seen in Fig. 4(a) is observed also in the AC susceptibility data. However, the temperature at which the jump occurs is strongly dependent on the frequency of the applied magnetic field; between 10 Hz and 10 kHz it increases by about 50% in both compounds. A qualitatively similar shift of susceptibility features with measurement frequency was reported for Sr 3 NiIrO 6 in Ref. [17] .
Though the changes in field are much smaller, the timescales spanned by the AC susceptibilty data are similar to those of a field sweep in the 65 T short-pulse magnet (see Sec. II and Fig. 2) [30] . In Fig. 5 we therefore compare SQUID magnetization data taken using magnetic-field sweep rates of 0.008 T/s [ Fig. 5(a) ] with pulsed field magnetometry data polycrystalline sample P2 was used for these experiments, and the fields employed were kept well below the large coercive fields observed at low temperatures. Both data sets are plotted as differential susceptibility dM(H,T )/dH on the initial rising field sweep following zero-field cooling. Note that for the slower superconducting magnet sweeps, the features observed correspond closely to those reported in Ref. [16] (i.e., an initial, relatively steep increase in M(H ) with increasing H , followed by a smaller gradient at higher fields). However, the much higher field sweep rates of the pulsed magnet shift the regions of large dM/dH to higher temperatures, analogous to the upward shift of the step in χ caused by increasing the frequency of the AC susceptibility measurement (Fig. 4) [17] .
Figures 5(c) and 5(d) compare corresponding plots of the hysteresis in M between rising and falling magnetic field sweeps. Note that in the SQUID measurement, there is a small region of nonremanent hysteresis at fields well below the coercive field at corresponding temperatures (c.f. Fig. 3 ), previously noted in Refs. [15] and [16] . As the field sweep rate increases (and therefore the timescale of the measurement decreases), the region of hysteresis is also pushed to higher T .
These slow dynamics are also evident in Sr 3 CoIrO 6 , as illustrated in Fig. 6 , which shows magnetization measured in a vibrating-sample magnetometer as a function of time after applying a field of 13 T. The magnetization varies on a timescale of hours, with the longest rise times occurring close to 20 K. A similar effect was previously observed in Sr 3 NiIrO 6 [16] .
The low-magnetic-field data shown in Figs. 4, 5 , and 6 show the magnetization exhibiting slow dynamics [17] at low temperatures. In each material studied here, the upper temperature limit of this behaviour is close to the temperature at which the coercive fields observed in the high-field experiments ( Fig. 3 ) collapse to zero. Clearly, the high-field hysteresis loops are linked to the temperature region over which slow dynamics of the magnetization is observed (see Introduction and the discussion of Fig. 4 above) .
C. Dependence on pulsed-field sweep rate and history
In view of the slow relaxation observed in the low-field magnetization described in the previous section, and the fact that pulsed magnetic fields are used for the high-field measurements, we investigate whether the hysteresis loops depend on the magnetic-field sweep rate. It is found that there is a small dependence on the sweep rate, which is varied between 25 and 10 000 T/s; to this end, Fig. 7 reviews M(H ) measurements of polycrystalline Sr 3 NiIrO 6 sample P3 both in the 60 T Long-pulse Magnet and in the 65 T short-pulse magnet (see Fig. 2 for typical sweep rates). First, Fig. 7(a) displays a hysteresis loop measured in the 65 T short-pulse magnet, showing the initial upsweep following zero-field cooling, and the subsequent hysteresis loop. Figure 7 (b) summarizes the coercive field H c as a function of sweep rate in the different magnets, where H c is determined from the steepest part of the jump in M(H ). Finally H c is plotted for a series of magnetic field sweeps with varying sweep rate in Fig. 7(c) . The coercive field values are measured in a sequence of alternating positive and negative field pulses denoted by pulse number; no other field pulses were applied, and the sequence also includes two warmings of the sample to room temperature, followed by zero-field cooling, denoted by vertical dashed red lines. The data again illustrate the previously mentioned finding that H c is higher on the initial magnetic field sweep after zero-field cooling. Following this initial pulse, the magnitude of the coercive field also depends on the direction of the field; it is smaller when the field is applied in the opposite direction to the initial pulse and somewhat larger when the field is applied in the same direction. This assymmetry is bigger for polycrystalline samples. Moreover, a smaller stochastic variation of coercive field (∼2 T) is frequently observed from pulse to pulse, even when the sweep rate and other conditions are kept the same. Taking all of these samplehistory-dependent considerations into account, the data in Fig. 7(b) show that the coercive field tends to somewhat lower values as the sweep rate is decreased.
IV. DISCUSSION
In summary, we observe high-field hysteresis loops in single and polycrystalline samples of Sr 3 NiIrO 6 , and in polycrys- talline samples of Sr 3 CoIrO 6 , exhibiting record coercive fields of up to 55 T. Despite the variation among samples, the presence of high-field transitions is robustly observed in all measured samples of Sr 3 NiIrO 6 and Sr 3 CoIrO 6 . The hysteresis (i.e., memory of previous field pulses) is observed to create a remanent magnetization stable for up to 30 hours in all samples except one. The observed behavior strongly suggests that the magnetization jump at H c is an intrinsic property of these compounds, with the sweep-rate and history dependences being caused by sluggish kinetics associated with the magnetic frustration intrinsic to this structural family [6, 17] ; the same frustration is responsible for the slow magnetic relaxation ( Figs. 4 and 5 ) and the strong variation of the fall in M with frequency ( Fig. 4) . By contrast, in systems such as (Sm,Sr)MnO 3 [33] , where the magnetization jumps are not intrinsic, but associated with quenched disorder, the smaller the field-sweep rate, the larger the field needed to realize the transition, the opposite of what we observe in Sr 3 NiIrO 6 (Fig. 7) .
We turn to a possible model for the hysteresis loops, starting from the PDA arrangement proposed [15, 16] for Sr 3 NiIrO 6 and Sr 3 CoIrO 6 ; the PDA state seems to us [26] to be the most likely explanation of neutron scattering and other data. Moreover, as detailed in the Introduction, PDA phases appear to be a rather general feature of the A 3 BB O 6 family. The PDA state thought to occur in the title compounds involves the moments of two ferrimagnetic c-axis chains being antiparallel to each other, while the spins on a third chain are disordered at zero magnetic field; this situation is shown schematically for Sr 3 NiIrO 6 in Fig. 8(a) . We now examine what might happen to the three chains and their net magnetization as the field is increased.
Once the magnetic field increases from zero, we suggest that the moments on the disordered chain gradually align ferrimagnetically in the field; this would be responsible for the increasing magnetization seen below the coercive field (see Fig. 3 ). The gradual increase in M, and the somewhat variable shape of M(H ) for different samples, will be due to the slow relaxation of a phase with magnetic frustration that is sensitive to small variations in disorder [32] . Taking the example of Sr 3 NiIrO 6 , neutron-scattering data [15, 16] are consistent with a moment of 1.5 μ B on the Ni 2+ ions and one of 0.5 μ B on Ir 4+ (see Introduction). Therefore, once the spins on the disordered chain have aligned [ Fig. 8(b) ], the maximum net moment per formula unit in Sr 3 NiIrO 6 will be On further increasing the field, we propose that the moments on the remaining chain that is antialigned to the field flip ( Fig. 8(c) ; see also the Supplemental Material section of Ref. [10] ); we believe that this corresponds to the sharp jump in M(H ) seen at the coercive field. The "chain flip" should result in a net moment per Sr 3 NiIrO 6 formula unit of The predicted value of the magnetization (μ B per formula unit) just above the coercive field is in good agreement with the experimental values for Sr 3 NiIrO 6 from Fig. 3 . However, from sample to sample there is some variation between the amount of magnetization acquired prior to the coercive field and that gained at the step. It is possible that the "chain flip" transition [ Fig. 8(c) ] occurs in some samples before the fieldinduced derandomization of the disordered chain of the slowly relaxing phase is complete; once the flip does occur, it is likely that co-operative effects will drag any remaining disordered moments in the required direction.
Note that the Ni 2+ and Ir 4+ moments in individual chains remain antialigned after the "chain flip" transition at the coercive field [ Fig. 8(c) ]; there is still potential for a higher field to increase the magnetization of Sr 3 NiIrO 6 to its saturated value of 3 3 (1.5 + 0.5)μ B = 2μ B , implying that another transition at even higher magnetic fields can be expected, when all the Ir and Ni moments align [ Fig. 8(d) ]. As mentioned above, a field of 92 T was insufficient to reach this transition.
The Supplemental Material section of Ref. [10] points out that each disordered chain can be surrounded by a variety of different configurations of ordered chains. This may be the reason why the first sweep of the magnetic field after cooling into the slowly relaxing phase results in a higher coercive field; the field must overcome this stochastic spread of interchain interactions before the "chain flip" can be accomplished. Once the system is in the phase represented by Fig. 8(c) , with its remanent moment, this disorder is removed and subsequent chain flips (in the hysteresis loop) can be driven by a lower field. Figure 8 uses the example of Sr 3 NiIrO 6 to illustrate the field-induced changes; we believe that the same mechanism can account for the hysteresis loops observed in Sr 3 CoIrO 6 . Though the Co 2+ ion carries a higher moment than Ni 2+ (see Introduction), the coercive fields in the two materials are very similar, suggesting that the physics is driven by the Ir 4+ ion [34] .
PDA states of varying types have also been proposed for isostructural Ca 3 Co 2 O 6 [35, 36] , Sr 3 Co 2 O 6 [37] , Ca 3 CoRhO 6 [25] , and Sr 3 NiRhO 6 [23] . Just as in the title compounds of the current paper (see Introduction and Sec. III B), in these other materials the magnetic ordering sets in gradually as a function of temperature. This is suggested by broadened or absent signatures of the phase transition in the heat capacity versus temperature, despite evidence of magnetic ordering in elastic neutron scattering at low temperatures. We suggest that a similar mechanism to that proposed for Sr 3 NiIrO 6 and Sr 3 CoIrO 6 in the current paper, involving field-induced alteration of the PDA state, is responsible for the analogous magnetic hysteresis loops, sensitive to extrinsic parameters, that have been seen in these and other members of the A 3 BB BO 6 family: for example, at 4 K the coercive field of Ca 3 Co 2 O 6 is 7 T [38] , that of Ca 3 CoMnO 6 is 10 T [39] , and that of Ca 3 CoRhO 6 is 30 T [25] . Adding Sr 3 NiIrO 6 and Sr 3 CoIrO 6 from the current work (μ 0 H c = 52 − 55 T) to this series, it is apparent that the coercive field increases as the B atom varies from 3d to 4d to 5d. The fact that the coercive fields in the A 3 BB BO 6 family become larger for the 5d iridate members suggests that the more exotic anisotropy associated with the spin-orbit entangled Ir 4+ state plays a role [10] .
Remanent moments and hysteresis loops extending to somewhat smaller fields than those in the title compound have been observed in other oxides where disorder and/or frustration dominate the magnetic properties at low temperatures [33, 40, 41] . As mentioned above, the hysteresis loops observed in the (Sm,Sr)MnO 3 system [33] depend on the fieldsweep rate; the highest extent of the hysteresis loop observed was ≈4 T. Ca 3 Co 2−x Mn x O 6 (x = 0.96) contains frustrated ferromagnetic nearest-neighbor and antiferromagnetic nextnearest neighbor interactions [40, 41] ; the coercive field is only about 2 T, but the elongated hysteresis loops are observed to extend to almost 13 T at low temperatures.
In traditional commercial ferromagnets [42] [43] [44] such as Nd 2 Fe 14 B, hysteresis loops are caused by ferromagnetic domains that result from competition between the short-range exchange interactions that prefer parallel spin alignment and the free-energy penalty of maintaining a magnetic field in an extended region of space around the sample [31] . The effect of this competition is that the energy scale for switching magnetic domains can be orders of magnitude smaller than those of the nearest-neighbor ferromagnetic exchange interactions. This is reflected in the coercive fields, which even in the most robust members of the Sm-Co and Nd-Fe-B families [42] [43] [44] are less than 2 T, even at low temperatures, despite large exchange energies manifested as ferromagnetic ordering temperatures ∼600-1000 Kelvin. At cryogenic temperatures, magnetic hysteresis effects can extend to higher fields ≈10 T in other ferromagnets, such as the colossal magnetoresistance manganites, and in Li 2 (Li 1−x Fe x )N, Gd 5 Ge 4 , Ga-doped CeFe 2 , LuFe 2 O 4 , and Fe 1/4 TaSe 2 [45] [46] [47] [48] [49] [50] [51] . Large coercive fields in such magnets are typically caused by magnetocrystalline anisotropy due to spin-orbit interactions [44] .
Generally, the microscopic order in a traditional ferromagnet does not change significantly around the hysteresis loop as the domains merely change direction and/or the domain walls move [31, 44] . By contrast, the conventional phenomenology of ferromagnetic domains cannot be involved in the magnetic hysteresis of Sr 3 NiIrO 6 and Sr 3 CoIrO 6 (and other members of the A 3 BB BO 6 family) which are initially in some form of PDA state after zero-field cooling. Instead, their magnetic ground state evolves with field to produce a sufficient moment to account for the jump in M(H ) at the coercive field [15, 16] .
V. CONCLUSION
In conclusion, we observed a notable macroscopic consequence of the unusual local state of 5d ions in oxygen cages: coercive magnetic fields of up to 55 T for H c in Sr 3 NiIrO 6 and 52 T in Sr 3 CoIrO 6 , to our knowledge record high coercive magnetic fields for any material. The hysteresis is a consequence of an evolving frustrated antiferromagnetic ground state of 3d and 5d ions, where the 5d ions exist in a state with strong spin-orbit entanglement [10] . Our observations could be a macroscopic manifestation of the effects of spin-exchange anisotropy.
